I. Introduction
HE Project of Osaka Institute of Technology Electric-Rocket-Engine onboard Small Space Ship (PROITERES), as shown in Fig. 1 , was started at Osaka Institute of Technology (OIT) in 2007 [1] [2] [3] [4] [5] [6] [7] [8] . The 1st PROITERES nanosatellite with electrothermal pulsed plasma thrusters (PPTs) was launched on September 9th, 2012 by Indian PSLV launcher C-21. The photograph of the satellite flight-model (FM) is shown in Fig. 2 . The main mission was to achieve a powered flight for 1 km by an electrothermal PPT system and to observe Kansai district in Japan with a high-resolution camera. The PPT system has achieved a total impulse of 5.0 Ns with a repetitive 43,000 shot at an input energy of 2.43 J and an operation frequency of 1.0 Hz. The photograph of the PPT head FM is shown in Fig. 3 and the specification is shown in Table 1 . Furthermore, the development of the 2nd PROITERES satellite was started in 2010 [9] [10] [11] [12] [13] [14] [15] . The image of the satellite is shown in Fig. 4 , and the specification is shown in Table 2 . The main mission is to achieve a long-distance powered flight for 200-400 km by a high-power electrothermal PPT system. The PPT system is required to achieve higher total impulse than that for the 1st PROITERES. Therefore, a highpower PPT and a longtime operation system with Multi-Discharge-Room PPT (MDR-PPT) were developed at OIT. 1 Graduate Student, Major in Mechanical Engineering, Graduate School of Engineering, and m1m15409@st.oit.ac.jp. 2 Graduate Student, Major in Mechanical Engineering, Graduate School of Engineering, and tahara@med.oit.ac.jp. 3 Graduate Student, Major in Mechanical Engineering, Graduate School of Engineering, and tahara@med.oit.ac.jp. 4 Professor, Department of Mechanical Engineering, Faculty of Engineering, and tahara@med.oit.ac.jp. 5 Researcher, Electric Propulsion R&D Section, and wakizon@kch.biglobe.ne.jp. 
II. Pulsed Plasma Thrusters
Pulsed Plasma Thrusters (PPTs), as shown in Figs. 5 and 6, are expected to be used for small/nano-satellite. The greatest characteristic of the PPTs is to use the solid propellant, mainly Teflon ® (poly-tetrafluoroethylene: PTFE). Therefore, the structure of the PPTs is simple and lightweight because it has no propellant tank and valve. In addition, PPTs can control the total impulse by easily changing an optional time interval and operate low power consumption. The PPTs are suited to the electric thruster for small/nano-satellites.
At Osaka Institute of Technology, the PPTs have been studied in order to understand the physical phenomena and the improvement of thrust performances with both the ground experiments and the numerical simulations since 2003 16 . We mainly study the electrothermal-acceleration-type PPTs which generally had higher thrust-to-power ratios (impulse bit per unit initial energy stored in capacitors) and higher thrust efficiencies than the electromagnetic-acceleration-type PPTs. Although the electrothermal PPT has lower specific impulse than the electromagnetic PPT, the low specific impulse is not a significant problem as long as the PPT uses solid propellant, because there is no need to mount tank and valve which would be a large weight proportion of a thruster system. 
III. Experimental Apparatus
The experimental facility mainly consists of a vacuum chamber 0.6 m in diameter and 1.2 m in length, two rotary pumps, a turbo molecular pump, a DC power supply system and a thrust measurement system. The vacuum chamber pressure is kept at approximately 6.2x10 -3 Pa under operations. The vacuum chamber shown in Fig. 7 . The impulse bit is measured by a pendulum method, as shown in Figs. 8 and 9 . The PPT head and capacitors are mounted on the pendulum, which rotates around fulcrums of two needles without friction. Sensitiveness of the pendulum is variable by changing the weight mounted on the top of the pendulum as shown in Fig. 10 . The displacement of the pendulum is detected by an eddy-current-type gap sensor (non-contacting micro-displacement meter). The electromagnetic damper is used to suppress mechanical noises and to decrease quickly the amplitude for the next measurement after operating PPTs. The damper consists of a permanent magnet fixed to the pendulum and two coils fixed to the supporting stand. The control circuit differentiates the output voltage of the displacement sensor and supplies the current proportional to the differentiated voltage to the coil. Thrust calibration is conducted with collisions of various steel balls to pendulum from various distances. The calibration line is shown in Fig. 11 . It has a high sensitivity and a good linearity. 
IV. PPT System for the 2nd PROITERES Satellite
A. Thrust performance of high-power PPT The 2nd PROITERES satellite is a practical satellite with 50 kg and 500 mm cube; 62 W for earth observation. The 2nd PROITERES satellite is to perform a powered flight with longer distance, i.e. changing 200-400 km in altitude on near-earth. In order to achieve the main mission of the 2nd PROITERES satellite, a total impulse of 5,000-10,000 Ns is required although the total impulse of the 1st PROITERES PPT system was 5 Ns. For the reason, we cannot use the PPT system for the 1st PROITERES satellite. Therefore, an input energy of the PPT system was enlarged from 2.43 to 31.59 J for improvement of thrust performance. The changes are shown in Table 3 . Thirteen mica capacitors developed by Soshin Electric Ltd. are used for the high-power PPT system. The mica capacitor is shown in Fig. 12 . The thirteen mica capacitorss are connected to parallel, as shown in Fig. 13 . We measured initial performances of the high-power PPT system with 350 shot. The experimental PPT is shown in Figs. 14. Experimental condition is shown in Table 4 . We measured performance characteristics by changing discharge room length from 20 to 50 mm in order to determine an optimum discharge room configuration. Figures 15 and 16 show experimental results. The impulse bit increased with increasing discharge room length. This is because the mass shot increased when the discharge room length became longer. On the other hand, the specific impulse decreased. It is shown that the performance approaches that of electromagnetic PPT with decreasing discharge room length. This high-power PPT achieved initial performances of impulse bits of 1,794-2,600 μNs, specific impulses of 352-464 s and thrust efficiencies of 12-14 % at 31.59 J with discharge room lengths between 20 mm and 50 mm. Furthermore, a repetitive 10,000 shot operation was performed using the PPT with a discharge room length of 50 mm and a discharge room diameter of 4 mm at an input of 31.59 J. Figure 17 shows the shot-number history of impulse bit. The impulse bit decreased to 1,569 μNs after 10,000 shots from 2,469 μNs at initial condition. This PPT achieved a total impulse of 19.4 Ns with a repetitive 10,000 shot operation. 
B. Multi-discharge-room electrothermal PPT
As the PPT system for the 2nd PROITERES satellite, a longtime operation system is required for changing 200-400 km in altitude on near-earth 200-400 km. Therefore, a new PPT system with Multi-Discharge-Room electrothermal PPT (MDR-PPT) was developed. The MDR-PPT has the plural discharge rooms. An ignitor is mounted in each discharge room. The MDR-PPT can change a firing discharge room by selecting the igniter. The 1st MDR-PPT has eight discharge rooms, as shown in Fig. 18 . A repetitive 1,000 shot operation test was performed using the 1st MDR-PPT at an input energy of 31.59 J. Table 5 shows experimental conditions of the test. Figure 19 shows the photograph of the 1st MDR-PPT after the test. It is shown that unexpected discharges were induced in some discharge rooms in which firing was not selected. The following three causes were inferred. 1) The plasma which was generated in the 1st MDR-PPT was leaked from a gap between the propellant and the nozzle or the anode. 2) Around plasma plume, unexpected multi-ignitions occurred because of short distance between discharge rooms. 3) Excessive ablation of propellant occurred by high-temperature with a repetitive operation, resulting in short circuit between discharge rooms.
The 2nd MDR-PPT was developed under consideration of those causes to prevent the unexpected discharge. The structure and the firing of the 2nd MDR-PPT are shown in Figs. 20 and 21 . The 2nd MDR-PPT has seven discharge rooms and a PTFE body. A nozzle, a propellant and an anode respectively are mounted in the PTFE body and are sealed with two pressing boards. With this structure, airtightness of the 2nd MDR-PPT was improved. In addition, an improvement of cooling performance is expected with two pressing boards. A repetitive 1,000 shot operation test was performed using the 2nd MDR-PPT at an input energy of 31.59 J and a frequency of 0.5 Hz. Table 6 shows experimental conditions. 
V. Conclusions
The following results were mainly obtained. 1) A high-power PPT showed initial performances of impulse bits of 1,794-2,600 μNs, specific impulses of 352-464 s and thrust efficiencies of 12-14 % at 31.59 J per shot with discharge room lengths between 20 mm and 50 mm. 2) Both the Impulse bit and the mass shot increased with increasing discharge room length, although the specific impulse decreased. 3) A total impulse of 19.4 Ns was obtained in a repetitive 10,000 shot operation with an input energy of 31.59 J per shot. 4) A new PPT system with the 1st MDR-PPT for longtime operation was developed. However, with the 1st MDR-PPT unexpected discharges occurred in the discharge rooms. 5) The 2nd MDR-PPT with higher airtightness was successfully operated with a repetitive 1,000 shot.
Finally, the electrothermal PPT systems of 2-35 J for nano/small satellites will be commercialized by High-Serve Inc. and OIT in this R&D programs. 
